Cigarette sidestream smoke (CSS) contains many carcinogens that induce DNA damage. DNA damage plays an important role in the initiation of cancer and several diseases, and repair is the major defense mechanism; however, the relationship between CSS and the repair of DNA damage remains unclear. We herein investigated whether CSS influences nucleotide excision repair (NER) in vivo and in vitro. HR-1 hairless mouse skin treated with CSS was exposed to UVB, as a result of which pyrimidine dimers (cyclobutane pyrimidine dimers (CPDs) and pyrimidine(6-4)pyrimidone photoproducts (6-4PPs)) were formed and repaired via the NER pathway. The immunohistochemical staining of CPDs revealed that their repair was delayed by the CSS treatment. This delay in NER and the underlying mechanisms were examined in the human skin cell lines, HaCaT and HSC-1. Dot-blot assays, enzyme-linked immunosorbent assay and local ultraviolet irradiation assays demonstrated that CSS delayed the repair of CPDs and 6-4PPs. The recruitment of the repair molecules, TFIIH, XPA and XPG to pyrimidine dimers was markedly inhibited by CSS. Semicarbazide, which reacts with aldehydes, recovered the CSS-induced inhibition of NER, and formaldehyde exerted similar inhibitory effects to those of CSS. These results suggest that aldehydes in CSS interfere with the recruitment of NER molecules to damaged sites, leading to a delay in the repair of pyrimidine dimers.
Introduction
Cigarette smoke (CS) is a major risk factor for human cancers and is responsible for approximately 22% of cancer deaths (1) . CS contains more than 4800 substances, 60 of which are carcinogenic to animals and 10 of which are also carcinogenic to humans. The International Agency for Research on Cancer (IARC) has classified CS as a group 1 carcinogen. Second hand smoke is a mixture of two forms of smoke that come from burning tobacco: mainstream smoke (20%) and sidestream smoke (80%). A large number of epidemiological studies have suggested that the risk of developing lung cancer increases by 20-30% in nonsmokers exposed to second hand smoke at home or at work (2,3).
Cigarette sidestream smoke (CSS) released from the burning tips of cigarettes is more toxic and mutagenic than mainstream smoke exhaled by smokers (4) . CSS was compared with mainstream smoke in an 80-week skin painting tumorigenesis experiment on mice (4); the incidence of tumors was 2-to 6-fold higher in mice treated with a CSS condensate than in those treated with a mainstream smoke condensate. These findings indicated that CSS contains larger amounts of carcinogens than mainstream smoke. CSS contains many carcinogens such as nitrosamines, polycyclic aromatic hydrocarbons, nicotine and aldehydes including formaldehyde (FA) and acetaldehyde. Epidemiological data and investigative studies have shown that exposure to CSS induces various forms of DNA damage such as single-strand breaks, DNA oxidation and DNA adducts in the tissues of nonsmokers and cultured cell lines (5) . Certain carcinogens such as FA and α,β-unsaturated aldehydes may directly react with DNA to from covalent adducts, whereas most carcinogenic compounds are so-called procarcinogens that must be metabolically activated to form ultimate carcinogens (6) . DNA adducts in cigarette smokers are associated with the occurrence of cigarette-related cancers in the lung, head and neck, and bladder (7) .
DNA damage repair is the major defense mechanism for avoiding cigarette-induced DNA damage and the initiation of cancer (8) . There are a number of repair pathways for cigaretteinduced DNA damage such as nucleotide excision repair (NER) and base excision repair, which are common from prokaryotes to mammals. NER is a major pathway that repairs pyrimidine dimers formed by ultraviolet (UV) irradiation (9, 10) . Duplexdistorting bulky DNA lesions such as those induced by polycyclic aromatic hydrocarbons are also repaired by NER. Small alkylated and oxidized lesions are excised by the base excision repair pathway (11) . If cigarette-induced DNA damage is unrepaired, for example, when DNA adducts formed by tobacco carcinogens including polycyclic aromatic hydrocarbons and N-nitrosamines persist, multiple genetic changes such as cell death and gene mutations occur. Therefore, the repair of DNA damage is as important as protecting against its formation. A previous study showed that CS inhibited NER in human cultured cell lines (12) . Some carcinogens in CS, such as benzo[α]pyrene, acrolein and FA, have also been reported to inhibit several repair pathways in parallel with the formation of DNA damage (13) (14) (15) (16) (17) ; however, the chemicals that are the main cause of the CS-induced inhibition of NER as well as the underlying inhibitory mechanisms currently remain unclear.
NER is a complex system composed of more than 30 factors with the ability to repair lesions (9, 10) . These factors are needed in the steps of recognition of DNA lesions, dual incision, repair and ligation, in which xeroderma pigmentosum complementation group proteins (XPs), which include XPA through XPG, and others such as proliferating cell nuclear antigen are involved in mammals. These factors need to rapidly accumulate at DNA lesions, and their deficiency and dysfunction have been shown to result in diseases involving cancers and neurological disorders (9). The studies described above suggested that a dysregulation in the recruitment of repair proteins may be one reason for the inhibition of NER; CS decreases the expression of XPC (12) and FA slows down the localization of DNA damage repair proteins to DNA damage sites (17) . A detailed study on the influence of NER proteins is needed in order to clarify the carcinogenic process of CS.
In the present study, we selected CSS containing more carcinogenic chemicals than CS and found that it inhibited NER in vitro and in vivo. The accumulation and release of NER proteins were visualized using a local UV-irradiation method to elucidate the mechanisms responsible for the inhibition of NER. In addition, the causal chemicals in CSS were identified. Our results provide a novel insight into CSS-induced carcinogenic mechanisms and suggest that the candidate chemicals in CSS need to be removed for human health.
Materials and methods

Preparation of CSS
CSS was prepared as described previously (18) . In brief, CSS generated by the spontaneous combustion of five cigarettes (Seven Stars: tar; 14 mg, nicotine; 1.2 mg, Japan Tobacco Co.) was trapped in 100 ml of Dulbecco's modified Eagle's medium (DMEM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) or phosphate-buffered saline (PBS; for in vivo experiments) by bubbling using a dry vacuum pump. DMEM or PBS containing CSS is hereafter referred to as 'CSS (100%)'. The smoke collection method (setting up of a smoke-picking device and the number of burned cigarettes) used was that recommended by the Cooperation Centre for Scientific Research Relative to Tobacco (19) and a related study (20) .
Animal treatment
One hundred microliters of 50% CSS diluted in acetone: olive oil (4:1) was applied to the backs of female HR-1 hairless mice (8 weeks, SLC Inc., Shizuoka, Japan) every 12 h, and this was repeated six times. Control mice were similarly treated with vehicle. After 1 h, these mice were exposed to UVB (0.378 J/cm 2 , 3 MED) (TL-20W/01, peak: 318 nm, Philips Lighting Holding B.V., Amsterdam, Netherland) and the back skin was then removed after 0, 24 and 36 h. The animal treatment was performed in compliance with the guidelines for the care and use of laboratory animals of the University of Shizuoka (Shizuoka, Japan).
Immunohistochemistry for cyclobutane pyrimidine dimers
The skin was fixed with histochoice (Amresco, LLC., Solon, OH) for 6 h, and substituted with ethanol, xylene, and then paraffin (Pathoprep; Wako Ltd., Osaka, Japan). Fixed skin was embedded in paraffin blocks and sectioned at a thickness of 5 µm for immunohistochemical staining. Four sections were obtained from similar back skin areas of each animal. Cut skin on glass slides was substituted with xylene and then ethanol, and this was followed by blocking with hydrogen peroxide (3% in methanol) and autoclaving (121°C for 15 min). After blocking with fetal bovine serum (FBS), skin was incubated with a primary antibody against cyclobutane pyrimidine dimers (CPDs) (1:200, Cosmo Bio Ltd., Tokyo, Japan), the biotin-F(ab′) 2 fragment of anti-mouse IgG (1:500, Zymed Laboratories, Inc., South San Francisco, CA), and then the horseradish peroxidase streptavidin conjugate (1:500, Zymed Laboratories, Inc.). A 3,3′-diaminobenzidine substrate kit (Cell Signaling Technology, Inc., Beverly, MA) was used to detect CPDs.
Images were acquired on a microscope (BX51, Olympus Optical Co. Ltd., Tokyo, Japan). The brightness (CPD-positive cells are stained brown) of more than 2500 cells per epidermis section (four epidermis sections from each animal (n = 2)) was analyzed (ImageJ ver1.49). The brightness value was ~177 (this value was approximately 40 in negative cells). Experiments were repeated twice to confirm the results obtained.
Cells and the CSS treatment
The immortalized human keratinocyte cell line, HaCaT was kindly provided by Dr. Norbert Fusening (the German Cancer Research Center) and squamous carcinoma cell line from human skin, HSC-1 was purchased from JCRB Cell Bank (Osaka, Japan). The cells were cultured in DMEM containing 100 units/ml of penicillin/streptomycin and 10% or 20% FBS at 37°C in 5% CO 2 , and stored according to suppliers' instructions. They were used within 6 months of resuscitation and were periodically authenticated by monitoring of cell morphology and growth curve analysis.
Exponentially growing cells cultured in DMEM containing 10% or 20% FBS were washed with low serum DMEM (0.5% FBS), further cultured in low serum DMEM for 24 h, then treated with various concentrations of CSS (~100%) or FA (~1 mM) for the given periods (~2 h). Immediately before UVB irradiation, the medium was changed to PBS including calcium and magnesium, followed by a further culture in low serum DMEM. A medium change was also performed in untreated cells.
In experiments on the deletion of aldehydes from CSS, semicarbazide (SEM) dissolved in DMEM with 0.5% FBS and pH adjusted to 7.0 was used. Cells were treated with SEM for 1 h before the treatment with CSS or FA.
Enzyme-linked immunosorbent assay for pyrimidine(6-4)pyrimidone photoproducts
DNA was purified using a QIAamp Blood Kit (Qiagen, Hilden, Germany). DNA was denatured by boiling for 10 min, and was then added (10 ng/ well) to a polyvinylchloride 96-well plate precoated with protamine sulfate (0.003%). After blocking with FBS (2% in PBS), samples were incubated with a primary antibody against pyrimidine(6-4)pyrimidone photoproducts (6-4PPs; 1:1500, Cosmo Bio Ltd.), and then with the biotin-F(ab′) 2 fragment of anti-mouse IgG (Zymed Laboratories, Inc.) (1:2000) . Peroxidase-Streptavidin (Zymed Laboratories, Inc.) (1:10 000) was added, and a peroxidase reaction was performed using o-phenylene diamine (0.4 mg/ml) in the presence of 0.02% hydrogen peroxide. The reaction was stopped by the addition of H 2 SO 4 (2 M), and absorbance at 492 nm was measured by a spectrophotometer.
Dot-blot assay for 6-4PPs
Cells were lysed with 1% sarcosil and centrifuged at 3.65 × 10 5 g in CsCl solution (1.5 g/ml) to purify DNA. Purified DNA was sonicated and boiled at 100°C for 10 min. DNA (100-600 ng) was loaded onto nitrocellulose membranes (Bio-Rad Ltd., Hercules, CA) and dried at 80°C for 2 h. Membranes were incubated with a primary antibody against 6-4PPs (1:3000, Cosmo Bio Ltd.) and then with a secondary antibody conjugated with HRP (Jackson ImmunoResearch Ltd., West Grove, PA) at room temperature for 2 h. 6-4PPs were visualized with an enhanced chemiluminescence detection kit (GE Healthcare Ltd., Buckinghamshire, UK).
Local UV-irradiation method
Pyrimidine dimers were generated within localized areas of the cell nucleus using a microfilter (21) . Cells cultured in 35-mm glass dishes were treated with CSS or FA and irradiated with UVC (0.01 J/cm 2 ) (main emission wavelength, 254 nm, Atto Co. Ltd., Tokyo, Japan) through a polycarbonate isopore membrane filter (pore size: 3 µm) (Millipore Co., Darmstadt, Germany). UVC, the wavelength of which is shorter than UVB, was used because it only passes through the pores in the filter. After being incubated for a predetermined period (0-48 h) to allow for the repair of pyrimidine dimers, cells were fixed with 2% FA, treated with 2% Triton X-100 in PBS, and further treated with 2 N HCl. After blocking with 1% bovine serum albumin, cells were incubated with primary antibodies against CPDs (1:1500), 6-4PPs (1:600) (Cosmo Bio Ltd.), XPA (1:200), XPG (1:200) and TFIIH (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA), and then with secondary antibodies conjugated with FITC or Cy5 (Jackson ImmunoResearch Ltd.). The nucleus was stained with propidium iodide (1 µg/ml). Images were acquired on a fluorescence microscope (BX51, Olympus Optical Co., Ltd.).
After randomly taking images, more than 200 cells per sample (5-6 pictures) were counted, and the percentages of cells with foci were calculated. The number of foci per cell was not calculated because it was various due to random distribution of pores in the filter.
Statistical analysis
All experiments were repeated two to three times. In immunohistochemical and immunofluorescent staining experiments, all slides were blind to treatments when scoring slides. Data were analyzed by a one-way analysis of variance followed by Dunnett's t-test for comparisons between groups. Significance was represented by *P < 0.05, **P < 0.01, ***P < 0.001.
Results
CSS inhibits NER
To clarify whether CSS influences NER, CSS was applied to the back skin of HR-1 mice every 12 h (repeated 6 times), followed by UVB exposure. Skin was selected for the ease by which pyrimidine dimers formed and were detected in vivo. The effectiveness of the treatment with CSS was confirmed by the formation of DNA strand breaks using the TUNEL assay (Supplementary Figure 1 , available at Carcinogenesis Online). A large number of TUNEL-positive cells were observed in the CSS-treated epidermis, suggesting that CSS penetrated at least to the epidermis. The back skin of CSS-untreated and treated mice was removed 0, 24, and 36 h after UVB exposure and immunohistostaining for CPDs was performed ( Figure 1A) . The average brightness (CPD-positive) of cells and the % of CPD-positive cells according to the values of brightness were calculated and shown in Figure 1B and C, respectively. CPDs were not detected in UVBunirradiated mice. The formation of CPDs was similar in CSStreated and untreated mice (0 h). CPDs were gradually repaired 24 and 36 h after UVB irradiation, and this was clearly delayed by the CSS treatment. Although we also attempted to stain 6-4PPs, the brightness of 6-4PP staining was not as good as that of CPDs (data not shown).
The CSS-induced inhibition of NER observed in vivo was examined in vitro using human cultured cell lines. The formation of 6-4PPs was detected by enzyme-linked immunosorbent assay (ELISA; Figure 2A ) and dot-blot assays ( Figure 2B ). In these experiments, 6-4PPs, but not CPDs were examined because CPDs required more time for repair (approximately 50% of CPDs were repaired 24 h after UV irradiation) and cells co-exposed to CSS and UVB showed prominent cell death during a culture for 24 h (Supplementary Figure 2 , available at Carcinogenesis Online). The ELISA results (Figure 2A ) revealed that the formation of 6-4PPs was similar between CSS-treated and untreated cells. 6-4PPs were gradually repaired during an incubation for 2 h; however, repair was clearly delayed in CSS-pretreated cells. This delay in the repair of 6-4PPs was also observed in the dot-blot assay ( Figure 2B ).
As described above, the co-exposure to CSS and UVB in the whole area induced cell death during a culture for 24 h (Supplementary Figure 2 , available at Carcinogenesis Online), and the local UV-irradiation method was then performed to investigate the repair of CPDs and 6-4PPs independent of cell death. 6-4PPs that formed at the area exposed to UVC, which passed through filter pores, were stained as foci ( Figure 2C ). The foci of 6-4PPs were mostly repaired 60 min after irradiation, and this was inhibited by the CSS treatment. This inhibition was marked at 25-50% CSS. Figure 2D shows the repair of CPDs after local irradiation. Approximately 50% of CPD foci disappeared by 24 h in CSS-untreated cells, whereas the foci of CPDs mostly remained in CSS-treated cells. The inhibited repair of 6-4PPs was also observed in another cell line, squamous cell carcinoma HSC-1 ( Figure 2E ). Higher concentrations of CSS were needed to obtain the same inhibitory effects observed in HaCaT cells. These inhibitory effects were weak in the human lung adenocarcinoma epithelial cell line A549 (Supplementary Figure 3 , available at Carcinogenesis Online).
CSS delays the recruitment of NER proteins to UVirradiated sites
We visualized the movement of NER proteins in locally UV-irradiated cells when DNA lesions were repaired. Partial UVC irradiation using a micropore filter generated stained foci of TFIIH ( Figure 3A) , XPA ( Figure 3B ) and XPG ( Figure 3C ), showing the accumulation of NER proteins at DNA lesions. They accumulated 15-30 min after the exposure to UVC and were released again after 30-60 min. Cells treated with 12.5% and 25% CSS showed the weaker recruitment of repair proteins. This recruitment was completely suppressed by 50% CSS. The CSSinduced delay in the recruitment of TFIIH was also observed in HSC-1 cells; however, the doses of CSS required for the inhibition of recruitment were higher than those in HaCaT cells ( Figure 3D ).
Aldehydes contribute to the CSS-induced delay in NER
We then attempted to identify the chemicals in CSS that contribute to delays in NER. Since acrolein and FA were previously reported to inhibit NER (14-16), aldehydes in CSS were removed using SEM. SEM has three amino residues in its structure and reacts with aldehydes. We previously confirmed that SEM reacted with one to three FA using mass spectrometry (22) .
HaCaT cells were treated with SEM for 1 h before the treatment with CSS. After UVB irradiation, cells were incubated for ~2 h to allow for NER. 6-4PPs formed independently of CSS concentrations and repair was delayed in a CSS concentrationdependent manner ( Figure 4A ). SEM significantly recovered the CSS-induced delay in repair. Similar results were observed with the local UV irradiation method ( Figure 4B and Supplementary Figure 4A , available at Carcinogenesis Online). The formation of 6-4PP foci was not influenced by CSS. Repair was delayed in a CSS concentration-dependent manner, and this was suppressed in cells pretreated with SEM.
The inhibited recruitment of NER proteins by CSS was also recovered by the pretreatment with SEM ( Figure 4C and Supplementary Figure 4B , available at Carcinogenesis Online). TFIIH accumulated at sites of DNA damage after UV irradiation and CSS suppressed recruitment in a concentration-dependent manner. The accumulation of TFIIH was observed in SEM-treated cells, even under the conditions of the 50% CSS treatment. These results suggest that highly reactive aldehydes play a role in CSSinduced delays in NER.
FA delays NER
In order to further confirm the contribution of aldehydes to the inhibition of NER, the common and highly reactive aldehyde, FA was used instead of CSS. FA induced delays in the repair of 6-4PPs after UVB irradiation, which was confirmed using ELISA ( Figure 5A ), the dot-blot assay ( Figure 5B ) and local UV-irradiation method ( Figure 5C and Supplementary Figure 5A , available at Carcinogenesis Online). In Figure 5C , the delay observed in the repair of 6-4PPs was dependent on the doses of FA. The repair of CPDs was also delayed by FA ( Figure 5D and Supplementary Figure 5B , available at Carcinogenesis Online). Similar to CSS ( Figure 2E ), higher concentrations were needed in HSC-1 cells than in HaCaT cells ( Figure 5E and Supplementary Figure 5C , available at Carcinogenesis Online).
FA delays the recruitment of NER proteins to UVirradiated sites
We used the local UV-irradiation method to investigate whether the recruitment of NER proteins is also inhibited by the FA treatment. FA delayed the recruitment of TFIIH ( Figure 6A with CSS (25%) and exposed to UVB (0.02 J/cm 2 ). A dot-blot assay was used to detect the formation or repair of 6-4PPs. (C) HaCaT cells were treated with CSS (~50%) and exposed to UVC locally with a filter (3 μm, 0.01 J/cm 2 ). After an ~1 h incubation, immunofluorescence staining was performed for 6-4PPs (green). Nuclei were stained with propidium iodide (red). The picture was taken randomly and the % of cells with 6-4PP-positive foci was calculated [more than 200 cells per sample (5-6 pictures)
were evaluated]. (D) HaCaT cells were treated with CSS (~50%) and exposed to UVC with a filter. After an ~48 h incubation, immunofluorescence staining was performed for CPDs (green). Nuclei were stained with propidium iodide (red). (E) The repair of 6-4PPs was detected in HSC-1 cells. Cells were treated with CSS (~100%) and exposed to UVC with a filter. After an ~1 h incubation, immunofluorescence staining was performed for 6-4PPs (green). Nuclei were stained with propidium iodide (red). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 (versus untreated). the accumulation of TFIIH, whereas 0.3 mM FA did not ( Figure 6D and Supplementary Figure 6D to UVC locally with a filter (3 μm, 0.01 J/cm 2 ). The recruitment of the NER proteins, (A, D) TFIIH, (B) XPA and (C) XPG was detected by immunofluorescence staining. CPDs and 6-4PPs were stained to find the sites of DNA damage. In XPG staining, nuclei were stained with propidium iodide because the antibody for XPG originated from mice, similar to the antibodies for pyrimidine dimers. The picture was taken randomly and the % of cells with positive foci for repair molecules was calculated [more than 200 cells per sample (5-6 pictures) were evaluated]. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 (versus untreated). available at Carcinogenesis Online). These results clearly demonstrated that aldehydes in CSS inhibited the recruitment of repair proteins to DNA lesions.
Discussion
CS contains numerous carcinogenic chemicals that form several DNA adducts (5, 23) . The process of NER for these DNA adducts controls the CS-enhanced risk of cancer. The following studies demonstrated the importance of NER defects as a cause of CS-induced cancer. CS is a main risk factor for head and neck squamous cell carcinomas, in which the NER pathway is impaired (24, 25) . The environmental chemical, arsenite inhibited NER, which reflected enhancements in CS-induced lung and skin carcinogenesis (26) . The overexpression of the bacterial DNA repair enzyme formamidopyrimidine DNA glycosylase, which repairs oxidized bases and different types of bulky DNA adducts, reduced the mutagenicity of CS (27) . Although previous studies reported a relationship between the inhibition of DNA repair and CS-induced carcinogenesis, that for CSS has not yet been reported. In the present study, we found that CSS clearly inhibited NER in vitro and in vivo. NER was not inhibited as strongly in mouse skin as in cultured cell lines; however, the delay in CPD repair was significant. This may be appropriate because the chemicals in CSS may encounter more difficulties penetrating the skin than the membranes in cultured cells. Cultured cell lines were treated with CSS and FA in DMEM containing 0.5% FBS. This serum concentration was artificial; however, we decreased the % of serum by as much as possible to prevent the reaction of chemicals in CSS with serum. Enhanced cell death and the inhibition of NER induced by CSS were observed under both serum conditions (10% and 0.5% FBS), but were more prominent in DMEM containing 0.5% FBS (Supplementary Figure 8 , available at Carcinogenesis Online). In previous studies, we analyzed histone modifications induced by CSS and FA in low serum medium in an attempt to reduce histone modifications caused by cell cycling and prevent the removal of chemicals by a reaction with serum (18, 22) . The relationship between CSS-induced NER inhibition and histone modifications warrants further study. NER may be divided into two subpathways: global genomic NER and transcription-coupled NER (9,10). The global genomic NER sub-pathway prevents mutagenesis by probing the genome for helix-distorting lesions, whereas transcription-coupled NER removes transcription-blocking lesions to permit unperturbed gene expression, thereby preventing cell death (28) . In our experiments, CSS enhanced UV-induced cell death (Supplementary Figure 2 , available at Carcinogenesis Online), and this may be related to the inhibition of transcription-coupled NER. The basic steps defining the NER process are: (i) the recognition of DNA helix distortions, (ii) the recruitment of a preincision complex, which opens the double helix; (iii) the removal of damaged nucleotides by incision at the 3′-and 5′-ends of the lesion, and (iv) the synthesis of a new DNA fragment followed by its ligation to restore the pre-existing sequence. In the present study, the recruitment of proteins needed for NER, TFIIH, XPG and XPA was detected using the local UV-irradiation method. The main role of TFIIH, a nine-subunit protein complex, is to open the strands of DNA. The endonuclease XPG cleaves the DNA strand at the 3′ side of DNA damage. The XPA protein binds to RPA, ERCC1, DDB2 and TFIIH as well as to UV-or chemical carcinogen-damaged DNA, and participates in the formation of an open complex (29) . These repair molecules were previously shown to be quickly recruited at damaged lesions. XPG was found to be rapidly recruited to DNA lesions with a half-life of 200 s and bound for 4 min to the NER complex, which required functional TFIIH (30) . We also detected these molecules at DNA damaged sites within 15 min. This recruitment was inhibited by CSS, suggesting that delays in the repair of CPDs and 6-4PPs are due to impairments in repair molecules. On the other hand, we also need to consider the possibility that NER was reduced due to use of NER molecules for the repair of CSS-induced DNA damage. Immunofluorescence staining for the phosphorylation of histone H2AX, a marker for DNA damage, showed that the treatment with CSS induced DNA damage throughout the cell (data not shown), suggesting that NER proteins were consumed for the repair of CSS-induced DNA damage.
The experiments using SEM clearly showed that aldehydes in CSS contributed to delays in NER and inhibited the recruitment of repair proteins. We previously analyzed CSS trapped in DMEM and found that aldehydes such as FA and acetaldehyde were present: the concentration of FA was ~60 μM (18) . Aldehydes are highly reactive chemicals that react with DNA and proteins. For example, the ethanol metabolite acetaldehyde forms multiple adducts and DNA repair gene polymorphisms have been reported to modulate cancer risks from alcohol (31) . FA induced the DNA monoadduct, N 2 -hydroxymethyl-dG, together with DNA-protein crosslinks (32) . Low-dose FA has been reported to delay NER (16, 17) and impair the recruitment of XPC and DDB2 (17) . The endogenously produced aldehyde, trans-4-hydroxy-2-nonenal also inhibited NER, proposing a mechanism for lipid peroxidation-induced carcinogenesis (33) . The carcinogen acrolein, which is present in CSS, also inhibited NER, and a decrease in the expression of the DNA repair molecules, XPC and XPA was observed (14, 15) . In the present study, we found that aldehydes in CSS inhibited the accumulation of NER proteins; however, we did not investigate changes in expression profiles or degradation. Further studies are needed to elucidate the mechanisms responsible for the inhibited accumulation of repair molecules; (i) the degradation of repair proteins, (ii) a dysfunction in these proteins and (iii) the consumption of these repair proteins for aldehyde-induced DNA damage.
The CSS-or FA-induced inhibition of NER was more effective in HaCaT cells than in HSC-1 and A549 cells. Aldehydes react with glutathione and thiols in proteins, and their depletion in cells may be one of the mechanisms underlying aldehydeinduced cytotoxicity (34, 35) . Glutathione depletion has also been shown to enhance the formation of DNA adducts derived from t-4-hydroxy-2-nonenal (36) . Since glutathione levels differ between cell lines (37) , an NER inhibitory effect that is dependent on cell lines may be observed. The inhibition of NER was confirmed in mouse skin, an in vivo result that has not been reported elsewhere. Repeated treatments with CSS increased the number of TUNEL-positive cells. Based on this result, we confirmed that CSS penetrated the epidermis and any toxic events such as DNA damage resulted in apoptotic or necrotic cells. were treated with FA (0.3 mM) and exposed to UVB (0.02 and 0.04 J/cm 2 ). The formation and repair of 6-4PPs were detected with ELISA. *P < 0.05, **P < 0.01. (B) HaCaT cells were treated with FA (0.3 mM) and exposed to UVB (0.02 J/cm 2 ). A dot-blot assay was used to detect the formation or repair of 6-4PPs. (C) HaCaT cells were treated with FA (~1 mM) and exposed to UVC locally with a filter (3 μm, 0.01 J/cm 2 ). After an ~2 h incubation, immunofluorescence staining was performed for 6-4PPs. Nuclei were stained with propidium iodide. The picture was taken randomly and the % of cells with 6-4PP-positive foci was calculated [more than 200 cells per sample (5-6 pictures) were evaluated]. (D) HaCaT cells were treated with FA (~1 mM) and exposed to UVC with a filter. After an ~48 h incubation, immunofluorescence staining was performed for CPDs. (E) HSC-1 cells were treated with FA (~1 mM) and exposed to UVC with a filter. After an incubation for ~2 h, immunofluorescence staining was performed for 6-4PPs. The images of (C) to (E) are shown in Supplementary Figure 5 , available at Carcinogenesis Online. Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 (versus untreated).
DNA breaks in bronchiolar epithelial cells from lung sections have been detected in rats exposed to CS via breathing using TUNEL assays (38) . Although we did not examine the behavior of repair proteins for NER in vivo, the inhibition of NER confirmed by immunohistochemistry suggests that we should consider not only formation of DNA damage, but also the repair system for DNA damage, as important factors of carcinogenicity of CSS.
In conclusion, CSS delayed NER in vivo and in vitro. The results of the in vitro experiments demonstrated that this delay was due to the inhibited accumulation of DNA repair molecules at damaged sites. This inhibition was mainly caused by aldehydes in CSS. Aldehydes are highly reactive chemicals with DNA and proteins. When we consider the carcinogenesis of CSS, not only the reaction of aldehydes with DNA, but also that with DNA repair molecules should be examined.
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